The effects of sulfur on the size of iron catalyst particles and synthesized carbon nanotubes (CNTs) were investigated during the direct spinning of CNT fibers. CNT fibers containing mainly double-walled CNTs (DWCNTs) 5-10 nm in diameter were synthesized from acetone, ferrocene, and thiophene, whereas CNT fibers containing mainly single-walled CNTs (SWCNTs) 1-1.5 nm in diameter were obtained from methane, ferrocene, and sulfur. The differences in the products arose from the anti-agglomeration effects of the sulfur atoms, which were adsorbed onto the surfaces of the iron catalyst particles, as indicated by direct experimental evidence. A model for the interplay between sulfur atoms and the iron catalyst particles was proposed based on these results, and experimental confirmation of this model was sought by modulating the sulfur injection time into the reactor at different temperatures. This simple experimental modification was used to control the majority of CNTs in the CNT fibers synthesized from SWCNTs, through DWCNTs, and finally to multi-walled CNTs (MWCNTs), with corresponding I G /I D ratios that varied from 26.9 to 1.5. Fig. 3 The type of CNT synthesized depended on the catalyst size. Thermal decomposition of ferrocene occurred at 400 C, and iron catalyst particles formed. For the case in which thiophene was used as a promoter, iron catalyst particles formed and grew, followed by the binding of sulfur atoms to the surfaces of the large iron particles. DWCNTs and TWCNTs with large diameters were synthesized. For the case in which sulfur was used as a promoter, the sulfur atoms were present prior to the decomposition of ferrocene. Small catalyst particles formed with an even distribution of sulfur atoms throughout the catalyst particles. SWCNTs were the main product.
Introduction
Carbon nanotubes (CNTs) have excellent properties, such as a high tensile strength, high thermal conductivity, and high electrical conductivity. 1, 2 Although a variety of applications have been proposed, including composite materials, coatings and lms, microelectronics, electrochemical energy storage applications, and eld emission applications, [3] [4] [5] [6] [7] the industrial use of mass quantities of CNTs has not been realized to date. One candidate material with promise for some of these applications is the CNT ber, which is a collection of many CNTs aligned along the ber axis. CNT bers can be fabricated using a variety of methods. [8] [9] [10] [11] Research in this eld has been greatly accelerated aer reports of strong CNT bers (8.8 GPa) in 2007. 12 Applications of CNT bers include composite materials, 13 arti-cial muscles, 14, 15 supercapacitors, [16] [17] [18] torsional actuators, [19] [20] [21] [22] strain/damage sensors, 23 and biosensors. 24 Methods for fabricating CNT bers may be classied into three categories: forest spinning, solution spinning, and direct spinning. 25 Each method has its own merits and drawbacks.
Direct spinning synthesizes a CNT aerogel in the vapor phase, and continuous CNT bers or ribbons are drawn from the CNT aerogel. 10 Direct spinning is a one-step process during which CNT synthesis and ber formation occur simultaneously in a single reactor to enable the continuous production of CNT bers. 26 The growth rate of CNTs is high (0.1-1 mm s À1 ), 27 and the average lengths of the synthesized CNTs may be as long as the millimeter scale. The best tensile strength (8.8 GPa) achieved among CNT bers was reported with bers prepared using this method, by optimizing the synthesis conditions. 12 The quality of a CNT ber depends strongly on the quality of the constituent CNTs. The yield and quality of CNTs tend to increase with decreasing diameter and/or increasing growth rate of the CNTs. [28] [29] [30] [31] The CNT diameter is closely related to the catalyst size. Small catalyst sizes produce small-diameter CNTs. 32 Sulfur is an important element in the synthesis of CNTs. 10 Sulfur activates metal catalyst particles and increases the yields of CNTs through fast nucleation. 27 The surface free energy of FeS (À84.17 kJ mol À1 ) at the eutectic temperature is much lower than that of a-Fe (À0.19 kJ mol À1 ). Nucleation of CNTs is more favorable at the catalyst particles having a low surface free energy, thereby increasing the CNT yield. 33 The addition of sulfur protects small catalytic particles from poisoning effects and increases the amount of well-aligned single-walled CNTs (SWCNTs) produced. 34 Sulfur also affects the diameters and wall numbers of CNTs. The diameter of a CNT depends on the molar ratio of sulfur to carbon. 35 The number of graphitic layers present in a CNT is controlled by sulfur, 33 and the SWCNTs, double-walled CNTs (DWCNTs), and multi-walled CNTs (MWCNTs) could be selectively synthesized by changing the amount of sulfur present. 36 In this paper, we investigated the effects of sulfur on the sizes of the iron catalyst particles and, thus, the quality of the synthesized CNTs produced by direct spinning. Previous reports proposed that sulfur formed a coating on iron catalyst particles and prevented the further growth of catalyst particles. This proposal, however, was only indirectly supported by the synthesis of SWCNTs. 37 Here, we provide direct experimental evidence that sulfur present in the iron catalyst particles controls the diameter of the catalyst particles and, thus, the diameters of the CNTs. Experimental results revealed that the different promoters containing sulfur atoms used in the CNT synthesis affected the morphology and the I G /I D ratio in the resulting CNTs. A detail model of the catalyst formation and CNT growth was proposed based on the experimental observations. Finally, a simple experimental technique for controlling the type of CNT synthesized was devised.
Experimental
Experiments were performed in three ways. CNT bers were synthesized using liquid feeds or gas feeds to demonstrate the effects of sulfur on the catalyst size and, therefore, the diameter of the CNTs. Finally, The CNT bers were again synthesized in the presence of sulfur, but the time permitted for contact between the catalyst particles and sulfur atoms was controlled by the position of the sulfur injection tube. The last set of experiments was designed to test our model of the effects of sulfur on the catalyst particle size. Typical experimental conditions are given in Table 1 .
Double-walled CNTs (DWCNTs) were synthesized using a liquid solution feedstock. Acetone was used as the carbon precursor, ferrocene was used as the catalyst precursor, and thiophene was used as the sulfur precursor. A mixed solution (acetone, ferrocene, thiophene) was injected from the top of the vertical reactor using a syringe pump operated at a constant rate. As the precursors thermally decomposed, carbon, iron, and sulfur atoms were generated in the reactor. The concentration of the catalyst was adjusted by controlling the amounts of ferrocene and thiophene present in the acetone.
By contrast, SWCNTs were synthesized using gaseous feeds. The catalyst precursor, ferrocene, was not changed, but the sulfur promoter was changed from thiophene to sulfur to control the catalyst size. Methane was used as a carbon source instead of acetone. Methane, ferrocene, and sulfur were introduced into a vertical reactor through separate tubes. The gaseous feed set-up is illustrated schematically in Fig. 4 . The amounts of sulfur and ferrocene were individually controlled by varying the pre-heating temperature.
The catalyst precursors were evaporated in the pre-heat furnace and were introduced into the vertical reactor using a carrier gas. The amount of catalyst present was controlled by adjusting the pre-heat temperature according to the following equation. The vapor pressure of ferrocene was calculated using the following equation. 38 ln
here, P e is the vapor pressure of ferrocene (Pa), T is the absolute temperature (K), and R is the universal gas constant (8.3145 J mol À1 K À1 ). The vapor pressure of sulfur was calculated using the modied Antoine equation. 39 logðPÞ ¼ 16:83213 À 0:0062238ð273:15 þ TÞ À 5405:1 ð273:15 þ TÞ here, P is the vapor pressure of sulfur (mm Hg), T is the temperature ( C). This equation is valid over the temperature range 120-325 C.
The sublimation rate of ferrocene and the evaporation rate of sulfur were calculated using the equation 38
r where s is the sublimation and evaporation rate (g s À1 ), a is a constant (0.0001), P e is the vapor pressure of ferrocene (Pa), P h is the pressure of ferrocene in the gas phase (Pa), and M is the molecular weight (g mol À1 ).
The synthesized CNTs were present as bundles due to van der Waals forces in the reaction zone, and these bundles agglomerated together to form a CNT aerogel. The CNT aerogel moved downward from the reaction zone to the bottom of the vertical reactor in the carrier gas. The CNT aerogel was pulled out from the vertical reactor in the form of a lm. This CNT lm was passed through the water bath immediately below the reactor, and the shape of the CNT lm was changed to a ber due to compaction in a poor solvent, water. A morphological analysis of the CNT bers and an elemental analysis of the catalyst particles were conducted using eldemission scanning electron microscopy (FESEM, JEOL JMS-7400F, operated at 10 keV), high-resolution scanning transmission electron microscopy (Cs-corrected HR-STEM, JEOL JEM-2100F with electron energy loss spectroscopy (EELS)) and energy dispersive spectrometer (EDS), operated at 200 kV. The I G /I D ratios of the synthesized CNT bers were measured by Raman spectroscopy (Horiba Jobin Yvon, LabRam HR, He-Ne laser 633 nm). Fig. 1a -c show the CNT ber synthesized using acetone, ferrocene, and thiophene. The CNTs that constituted the CNT bers were arranged in an axial structure (Fig. 1b) . The CNTs were mainly DWCNTs, and the diameters of the DWCNTs fell in the range 5-10 nm ( Fig. 1c) . A similar observation has been reported previously. 27 It should be noted that the diameters of the DWCNTs synthesized by direct spinning exceeded the diameters of the DWCNTs synthesized by other methods. 33 On the other hand, Fig. 1d -f show the CNT bers synthesized using methane, ferrocene, and sulfur. Again, the CNTs were arranged along the axial direction of the ber (Fig. 1d ), but empty spaces were observed on the surfaces of the CNT bers, indicating that the packing density was low (Fig. 1e ). The CNTs were mainly composed of SWCNTs 1.5-2.0 nm in diameter (Fig. 1f) .
Results and discussions
The above results agreed well with previous reports 37 that sulfur coatings on small catalyst particles inhibited the further growth of the catalyst particles. This claim was experimentally conrmed by imaging the catalyst particles using TEM, EELS, and EDX, as shown in Fig. 2 . The use of thiophene as the sulfur promoter yielded catalyst particle diameters in the range 4-20 nm, and the highest frequency was 8 nm (Fig. 2a) . The diameters of the CNTs were similar to the sizes of the catalyst particles. Ferrocene decomposes around 400 C; therefore, iron atoms were generated at the top of the reactor (see Fig. 4 ). The iron atoms stuck together to form iron catalyst particles, and the catalyst particles grew with the inclusion of more iron atoms. Thiophene begins to decompose when it reaches a much higher temperature (800 C). The signicant difference between the decomposition temperatures of ferrocene and thiophene meant that the catalyst particles tended to grow larger prior to the start of the sulfur hindrance of catalyst aggregation. The decomposition of thiophene generated sulfur atoms that surrounded the surfaces of the iron catalyst particles. The EELS The distribution of sulfur atoms throughout the catalyst particles. Gray, red, and yellow colors in the EELS mapping represent carbon, iron, and sulfur atoms. (a) The CNTs were synthesized from acetone, ferrocene, or thiophene. The iron catalyst particle was formed by the decomposition of ferrocene prior to the decomposition of thiophene, which supplied sulfur to the catalyst. The element profiles revealed that the sulfur atoms were mainly present on the surfaces of the relatively large iron catalyst particles. The EDS analysis showed that the CNTs grew from spots on the catalyst particle at which sulfur atoms were concentrated. (b) The CNTs were synthesized from methane, ferrocene, and sulfur. In this case, sulfur was already present prior to the decomposition of ferrocene, so that sulfur atoms were distributed evenly throughout the small iron catalyst particles. The growth of catalyst particles was inhibited by the presence of sulfur. mapping shown in Fig. 2a indicated that sulfur atoms were mainly present on the surfaces of the large iron catalyst particle. The sulfur activated the surface of the iron catalyst, so that carbon atoms readily formed graphitic layers on the catalyst surface. The EDS analysis revealed that the CNTs grew from the spots of the catalyst particle where the sulfur atoms were concentrated. The carbon atoms diffused along the surface of the catalyst particles and deposited in the form of a graphitic layer at the lower surface free energy point of the catalyst. 27, 33 In this way, CNTs with large diameters and multiple graphitic layers were synthesized from the large catalyst particles.
On the other hand, the sizes of the catalyst particles decreased when sulfur itself was used as the promoter (Fig. 2b) . In this case, sulfur atoms were already present prior to the generation of iron atoms from the ferrocene decomposition process. Because the sulfur atoms prevented the aggregation of iron catalyst particles, the catalyst particles were smaller. The EELS mapping shown in Fig. 2b revealed that sulfur was evenly distributed throughout the catalyst particles in this case. The diameters of the CNTs also decreased accordingly (see Fig. 5a ).
A cartoon illustration of the role of sulfur in determining the sizes of the catalyst particles and the diameters of the synthesized CNTs is presented in Fig. 3 . The most important factor is the decomposition temperatures of the precursors. The use of acetone, thiophene, and ferrocene as feed materials resulted in the decomposition of ferrocene at 400 C, whereas thiophene began to decompose at 800 C. Once ferrocene had decomposed, the iron catalyst particles formed and grew through the addition of iron atoms or through the aggregation of iron particles, until the temperature reached 800 C. Aer this temperature, the sulfur atoms accumulated on the surfaces of the iron catalyst particles, and the sulfur atoms inhibited the catalyst growth. The large difference between the decomposition temperatures of ferrocene and thiophene resulted in the formation of large catalyst particles, and DWCNTs (and some triple-walled CNTs (TWCNTs)) with large diameters were synthesized (Fig. S1 †) . On the other hand, the use of methane, sulfur, and ferrocene as feed materials produced sulfur atoms prior to the decomposition of ferrocene. Therefore, sulfur atoms were present deep inside the iron catalyst particles, from the nucleation stage of the iron catalysts, and these atoms hindered the further growth of iron catalyst particles. As a result, iron catalyst particles were small and had sulfur atoms distributed evenly throughout. SWCNTs with small diameters were the main products in this case.
This model for the effects of sulfur on the catalyst size and synthesized CNTs was tested by introducing a simple modication into the experimental setup. The length of the sulfur injection tube was varied, as shown in Fig. 4 . Sulfur contacted the iron catalyst particles at different temperatures with this modication. The temperature of the top part of the vertical reactor increased rapidly with the ow direction, reaching 410 C for the 0 mm tube length positioned at the top of the reactor, 498 C for the 40 mm tube, 593 C for the 80 mm tube, and 722 C for the 120 mm tube. As the length of the sulfur injection tube increased, contact between the iron catalyst particles and the sulfur atoms was delayed. The decomposition temperature of methane exceeded 750 C in the presence of the iron catalyst, 40 therefore, the effects of sulfur on the formation of the iron catalysts could be investigated unambiguously without the inuence of the carbon atoms.
The experimental results are presented in Fig. 5-7 . As expected, the sizes of the catalyst particles increased with the length of the sulfur injection tube, and the majority of synthesized CNTs changed from SWCNTs (0 mm, Fig. 5a ) to DWCNTs (80 mm, Fig. 5g ). A sulfur injection tube length of 40 mm, from the top of the vertical reactor, yielded SWCNTs and DWCNTs simultaneously in a single bundle. A sulfur injection tube length of 120 mm yielded MWCNTs (not shown here).
We measured the sizes of 50-70 catalyst particles of each sample (in the case of 120 mm, 26 catalyst particles were measured), and the size distributions of catalyst particles are given in Fig. 6. Fig. 6a shows the size distribution curves for catalyst particles, which move to the right (which corresponds to the direction of larger catalyst size) and become wider as the length of the sulfur injection tube increases. A similar trend is observed in the diameter distributions of synthesized CNTs, which is shown in Fig. 6b . The actual size data for catalyst particles and synthesized CNTs are reported as histograms in the ESI (Fig. S3 †) . The quality of the synthesized CNTs was investigated using Raman spectroscopy. The G peak (1590 cm À1 ) is associated with the sp 2 bonds of the carbon atoms and is generally used as an indicator of graphitization, whereas the D peak (1350 cm À1 ) is associated with the sp 3 bonds of carbon atoms and used as an indicator of defect structures. The use of sulfur as a promoter resulted in a decrease in the I G /I D ratio as the length of the sulfur injection tube increased: from 26.9 at 0 mm to 1.5 at 120 mm (Fig. 7) . Early exposure of the catalyst particles to sulfur indeed enhanced the quality of the synthesized CNTs. The small-diameter CNTs displayed a higher growth rate and improved the yield and quality of the CNTs. [28] [29] [30] [31] The radial breathing mode (RBM) peaks between 100 and 300 cm À1 appeared in the Raman spectra collected from the CNT bers synthesized with injection tube lengths of 0-80 mm, indicating that thin-walled and small-diameter CNTs were synthesized. The RBM frequencies (v) of SWCNTs and DWCNTs vary as the reciprocal of their diameters (dt) via a linear relationship: dt ¼ 248/n nm. 41 The diameters of the CNTs ranged from 1.2 to 1.7 nm, according to this equation, as conrmed by the TEM images (Fig. 5 ). The I G /I D ratio, however, reached 1.5 for a tube length of 120 mm, indicating that the number of thin-walled, small-diameter CNTs decreased signicantly. This CNT ber contained mostly MWCNTs, as evidenced by the disappearance of the RBM peak. TEM studies revealed that the MWCNTs were covered by a thick layer of amorphous carbon atoms (not shown here). The Raman mapping images in Fig. 7 show that the CNT bers displayed a uniform I G /I D ratio over a wide area. (The number on the color bar indicates the value of the I G /I D ratio.) These results suggested that the CNT bers did not vary signicantly over the observed area.
The strengths of the CNT bers obtained in our experiments are shown in Fig. S2-1 and Table S1 . † The strength of our CNT bers trends to decrease with the decreasing quality of CNTs (from SWCNTs, DWCNTs to MWCNTs). This trend is in accordance with the results of Raman analysis appeared in Fig. 7 . The I G /I D ratio also decreases with the quality of CNTs.
The direct spinning methods considered in this work (using methane, ferrocene, and sulfur) are advantageous over other fabrication methods for producing high-quality CNT bers. The CNT synthesis was carried out at higher temperatures (exceeding 1100 C) than the temperature used for forest spinning (700-800 C). It is this high temperature that allowed for the rapid synthesis of high-quality CNTs. The residence time in the reaction zone was, therefore, extremely short (4.2 seconds in our case) compared with the synthesis time (minutes) 42,43 of the Si wafer-based CNT ber synthesis or the synthesis time (hours) 44, 45 of the vapor-grown carbon bers (VGCFs). Moreover, the synthesized CNTs quickly passed through the reaction zone, so the adsorption of amorphous carbon atoms on the surfaces of the synthesized CNTs was greatly reduced. In our experiments, the Reynolds number was about 150 (laminar ow region) and the uid ow inside the vertical reactor remained very stable. The effects of back ow were negligible. The use of sulfur was important for keeping the catalyst size small, resulting in thin-walled, high-quality CNTs.
Conclusions
Here, we investigated the effects of sulfur on catalyst formation and CNT synthesis during the direct spinning of CNT bers. We obtained direct experimental evidence that sulfur atoms on the catalyst surface suppressed the aggregation of iron catalyst particles, resulting in smaller catalyst particles and thin-walled, high-quality CNTs. We fabricated SWCNT bers with a high I G / I D ratio of 26.9 using methane, ferrocene, and sulfur as the gaseous feeds, indicating that the CNT bers were mainly composed of SWCNTs having a very high quality. These results suggested that the time period during which sulfur atoms contacted the iron catalyst particles offered a practical handle for controlling the morphology and quality of the synthesized CNTs during the fabrication of CNT bers. As a demonstration, we devised a simple modication of the experimental setup in which the length of the sulfur injection tube was varied. This minute modication enabled control over the type of CNTs synthesized: mostly SWCNTs, mostly DWCNTs, or mostly MWCNTs, during the direct spinning of CNT bers. The I G /I D ratio was accordingly controlled from 26.9 to 1.5, indicating the quality of the synthesized CNTs. The understandings obtained from this work provide useful guides for scaling up the direct spinning of CNT bers. 
